INTRODUCTION
Conventional marine CSEM is based on a deep source towed at slow speed close to the seafloor (Ellingsrud et al., 2002) . The source-signal is emitted continuously, and the autonomous node-based receiver stations are sparsely placed on the sea floor where they remain for the duration of the survey. There are numerous drawbacks with a node-based system: A large part of the acquisition time is spent deploying and retrieving receiver stations, quality control of the recorded signal can only be done after retrieving the receivers and the recorded data have been downloaded. Further, the sampling is very sparse with typically one kilometre between receiver stations. In addition, the receivers are very sensitive to nearsurface resistivity anomalies of limited areal extent, especially if a receiver station is placed directly on top of such a feature.
We have developed a fast and efficient way to acquire CSEM data that is similar to marine streamer seismic in layout and efficiency. The commercial version of our towed streamer EM system was tested over a series of known fields in the UK and Norwegian sectors of the North Sea in October 2012 with excellent results. The system facilitates data acquisition at 4 -5 knots and it can be combined with simultaneous acquisition of 2D seismic from the same vessel. Synthetic aperture processing was recently introduced by Fan et al. (2012) . It can be seen as a way to focus the energy on the target to increase sensitivity. The original published concept was based on conventional CSEM node-based acquisition where the moving source is shooting into stationary receivers. We further optimized the Synthetic Aperture processing method to better take advantage of the dense common mid-point (cmp) sampling offered by the towed streamer EM. The most challenging target tested was the Alvheim Boa Field located 2,100m below mudline. We show that it can be confidently detected with an anomaly of 7 -8% (given data uncertainties typically less than 5%) above background following non-optimized synthetic aperture processing, and 200% above background with the optimized synthetic aperture processing.
THE TOWED STREAMER EM SYSTEM
The towed streamer EM system has an acquisition efficiency, layout and survey geometry similar to 2D seismic with the following benefits:
 Acquisition speed of 4 -5 knots  Configurable receiver bi-pole lengths of 50 -1,100 m; increasing with offset  Constant offsets with synchronized source and receiver data  Real time quality control of source-signal and recorded data  Deterministic deconvolution  Data density similar to 2D seismic  Dense sampling facilitates noise reduction and synthetic aperture processing  On-board processing allows quick evaluation of target resistivity  By towing the EM streamer above the seafloor the first inverted layer is the water column. This reduces the impact of localized seafloor anomalies  Facilitates simultaneous acquisition of 2D seismic from the same vessel
SUMMARY
In October 2012 a series of known oil & gas fields in the North Sea were surveyed with the newly developed towed streamer EM system. This is the first commercial Controlled Source EM (CSEM) system where both source and receivers are towed in a similar fashion as 2D seismic, and the technology is also combinable with 2D seismic facilitating simultaneous acquisition from one vessel. One of the selected targets was an average size oil & gas field located 2,100m below mudline, where approximately half of the recoverable oil has been produced, but with the gas cap still intact. The source was towed at 10m and the 8,700m long EM streamer was towed at a depth of 50m. The resulting electric field was measured at 23 offsets ranging from 0 to 7,700m. The towing speed was 4 kn, and the water depth was 110 -125m in the survey area. The rich sampling makes the towed streamer EM acquisition technology ideal for the recently introduced synthetic aperture processing. The accuracy in the frequency responses enabled the detection of the depocenter of the reservoir with a signal strength only 7-8% above background with an uncertainty of 5% in a non-optimized synthetic aperture processing. The improved sensitivity provided by optimized synthetic aperture processing increased the signal above background to 200%. Further, by focusing the energy on the target it will also de-emphasize the strength of the anomalies of no interest located in proximity to the reservoir under evaluation.
The towed streamer EM acquisition system shown in Figure 1 below consists of an 800m long source bi-pole towed 10 m below the surface. The source current is 1,500 Amperes, resulting in a source strength, or bi-pole moment, of 1.2 MAm. The shot interval is 120 seconds long, where the signal is transmitted for 100s and where the last 20s are used for noise evaluation, characterization and later attenuationprocessing. The EM streamer has effectively 26 offsets varying from 0 -7,700m. The receiver bi-pole lengths range from 50m for the nearest to 1,100m for the longest offset. The streamer is towed at 4 -5 knots at a maximum depth of 100m in water depths of no more than 400m. Water depths exceeding 400m tend to attenuate the signal too much.
Figure 1. The Towed Streamer EM System configuration.
Noise attenuation is an important aspect, and stochastic noise is attenuated in two ways. First, the rich sampling both within the streamer array and along the survey line allows stacking.
This improves signal-to-noise by a factor N where N is the number of stacked signals. The value of N should be chosen to appropriately balance the improvement in noise reduction with the reduction in spatial resolution. The second method is the so-called low rank approximation based on singular value decomposition. It takes advantage of the fact that the signal occupies only discrete frequencies, whereas the stochastic noise is spread throughout the spectrum. By identifying the discrete signal frequencies, all noise between these frequencies can be removed. Figure 2 shows the amplitude spectrum of a noise record before and after the two types of stochastic noise attenuation has been applied.
Figure 2. Electric field noise amplitude spectrum in blue and processed noise in green after stacking and low rank approximation processing.
A large part of the generated noise is simply caused by the motion of the sensor streamer in Earth's magnetic field. This forms a steady noise level, as long as the streamer maintains constant velocity, and also given that the Earth's magnetic field typically varies slowly in space and in time. Temporary increases in the noise level can be generated by sudden pulls in the streamer due to the change in velocity. By installing motion sensors in the streamer, the correlated noise between the change in velocity and the change in noise level can be detected, quantified and removed by means of a Wiener filtering technique for correlated signals. An example can be seen in Figure 3 below illustrating the filtering of a silent period between consecutive shots from a survey line in the North Sea. A significant noise peak at around 0.8 Hz is effectively removed by this technique reducing the noise by more than a factor of 2. The general noise background is not affected since it is not correlated with the motion sensors. The noise reduction outlined above and the uncertainty estimation discussed below are described in Mattsson et al., (2012) .
Estimating the uncertainty in the frequency response data as a function of signal frequency and offset is an important aspect of the processing and analysis of the acquired data. The signal needs to exceed the noise level to be recognized as signal with confidence.
Noise, or uncertainty, originates in the measurement system, navigation and the electric field noise in the measurement. The total uncertainty in the frequency response data was calculated as seen in Figures 4 and 5 for data acquired at the Alvheim Boa oil & gas field (described below) in the North Sea. The maximum relative amplitude uncertainty is seen to be below 5% and below 3% for the phase. The dominant part of the uncertainty is coming from the electric field noise for the low frequencies and long offsets. .The measurement and navigation uncertainties are together below 1% and influences the total uncertainty only where it is very low, i. e., in the higher frequencies and shorter offsets. 
SYNTHETIC APERTURE PROCESSING
The concept of synthetic aperture processing applied to marine CSEM data was recently published by Fan et al. (2012) . It is a data driven approach to increase the sensitivity in the frequency response data to a deeply buried resistive anomaly. It can be thought of as a way to enhance the target response by focusing the radiated source energy on the target. This can be done by summing the frequency responses over a selected range of offsets with optimized weighting functions multiplied to each term according to: 
, , ( f Q P  are the amplitude and phase of the frequency responses. The outlined methodology in the original paper assumes conventional marine CSEM with a continuously radiating mobile source and stationary receivers. Since our towed streamer EM system provides common mid-point (cmp) data, the method has been extended to achieve a more effective focus and thereby also a further increase in the sensitivity of the synthetic aperture at an arbitrary cmp T Q along a survey line. The extension consists in determining the weighting functions 
is maximized at T Q . The c 1 function is applied to the phase to focus the radiated energy on the target, and the c 2 function balances the amplitudes for the various offsets used. The set of cmps ) (Q  in the normalization sum is selected to obtain an increase in A series of known oil and gas fields were surveyed in October 2012 as a final field test of the newly developed Towed Streamer EM System. The most challenging test was the Alvheim Boa Field seen in Figure 6 below because it is located 2,100m below mudline. The field is medium sized with half of the recoverable oil produced, but with the gas cap still intact. The synthetic aperture response (1) was calculated at the frequency 0.3 Hz for offsets between 5,000 and 7,500 m at each common mid-point (cmp) position along the two Alvheim Boa survey lines. The maximization of (3) was done for the cmps where it is assumed to have a response from the associated Alvheim Boa resistive anomaly. The normalization cmp set in (3) is chosen as: For comparison, the synthetic aperture summation is also calculated without weighting, i.e. with
The resulting non-optimized synthetic aperture response is shown in Figure 7 , where the maximum anomaly response is now seen to be 7 -8% above the background. The slightly higher level of the response along line #202 compared to line #201 is mainly caused by a decrease in water depth along line #202. The optimized synthetic aperture processing result, with weights calculated as shown above, is shown in Figure 8 . The maximum anomaly response has now increased to approximately 200 % above the background. Notice also that the responses in the SW end of the lines are now weaker relative to the anomaly responses, and the anomaly responses in both lines are seen to consistently overlap very nicely. Bothe effects are due to the improved focusing of the signal that lowers the background field, and deemphasizes the influence of weaker anomalies outside the target reservoir. 
CONCLUSIONS
Following noise suppression, the signal-to-noise for the Towed Streamer EM System is comparable to conventional CSEM sea-bottom node-based systems, but with much improved efficiency with data acquisition at 4 -5 knots with the possibility of simultaneous acquisition of 2D seismic. The rich sampling also makes the towed streamer EM acquisition technology ideal for synthetic aperture processing. The precision of the frequency responses enables detection of a weak target with a signal strength only 7-8 % above background in a non-optimized synthetic aperture processing. The improved sensitivity provided by optimized synthetic aperture processing increased this to 200 %. Further, by focusing the energy on the target it will also de-emphasize the strength of the anomalies of no interest located in proximity to the reservoir under evaluation. The fact that the strongest anomaly is seen at the same location on both survey lines, that it is located exactly where the Boa reservoir reaches maximum thickness, and it is only seen in the far offsets and lowest frequencies, all consistently support our interpretation that the anomaly originates in the Boa reservoir depocenter.
